The relative rates of the aldol reaction catalyzed by supported primary and secondary amines can be inverted by 2 orders of magnitude, depending on the use of hexane or water as a solvent. Our analyses suggest that this dramatic shift in the catalytic behavior of the supported amines does not involve differences in reaction mechanism, but is caused by activation of imine to enamine equilibria and stabilization of iminium species. The effects of solvent polarity and acidity were found to be important to the performance of the catalytic reaction. This study highlights the critical role of solvent in multicomponent heterogeneous catalytic processes. ABSTRACT: The relative rates of the aldol reaction catalyzed by supported primary and secondary amines can be inverted by 2 orders of magnitude, depending on the use of hexane or water as a solvent. Our analyses suggest that this dramatic shift in the catalytic behavior of the supported amines does not involve differences in reaction mechanism, but is caused by activation of imine to enamine equilibria and stabilization of iminium species. The effects of solvent polarity and acidity were found to be important to the performance of the catalytic reaction. This study highlights the critical role of solvent in multicomponent heterogeneous catalytic processes.
■ INTRODUCTION
It is well-known that the selection of solvents can have an important effect on the rates of homogeneous reactions. Such an effect is commonly explained by the contribution of solvation energy to the total free energy of the systems and by stabilization of the transition states with a subsequent reduction in the free energy of activation. 1 The analysis of solvent effects may be relatively simple for single-step processes but becomes more complicated in reactions involving multiple equilibria. In such cases, the solvent effects can change preferences for various possible pathways over the potential energy surface of the reaction system. 2−4 Whereas the role of solvents in homogeneous reactions has been studied thoroughly, less effort has been dedicated toward understanding their involvement in heterogeneous processes. 1 Heterogeneous reactions entail greater complexity because they involve multiple equilibria and multiple components interacting with each other. Interfacial phenomena, competitive adsorption and kinetics of mass transfer are some of the additional factors that determine the apparent rates of heterogeneous reactions and complicate their understanding. For example, Drexler and Amiridis observed increased activity of MgO as a catalyst for the synthesis of flavanone in DMSO as compared with other polar and nonpolar solvents. They attributed the increased reaction rates to the interaction between DMSO and MgO, which facilitated the adsorption of substrates onto the surface of the catalyst. 5 Garcı́a and collaborators recognized that the competition between polar solvents and reactant molecules for diffusion into the pores and adsorption onto acid sites was responsible for the poor activity of Al-MCM-41 in the rearrangement of 1,2-epoxyoctane. 6 Using an acid−base bifunctional SBA-15 type mesoporous silica, Davis and coworkers showed how solvents with different polarities changed the equilibria of the acid−base pairs and how this affected the aldol reaction between p-nitrobenzaldehyde and acetone. 7 They concluded that the acidic and basic groups interacted more strongly with the polar solvents than with each other, thereby inhibiting cooperative catalysis. To the contrary, in nonpolar solvents, the groups associated with each other, and the cooperative effect was clearly observed. This result was later supported by Solin, using carboxylic acid and primary amine bifunctionalized mesoporous silica catalyst in hexane and nonane. 8 We recently reported that mesoporous silica nanoparticles (MSNs) functionalized with primary amines are poor catalysts for the aldol reaction in hexane because of the formation of an imine intermediate 1 (Schiff base, Scheme 1). 9 This intermediate was clearly identified by solid-state NMR and infrared spectroscopies. We eliminated this inhibition by replacing the primary amine with a secondary amine and achieved catalytic activities comparable to those of the previously reported bifunctional materials. 9 We also showed that the imine intermediate 1 could regenerate the primary amine upon treatment with dilute aqueous HCl. This led us to consider the possibility that the catalytic activity of supported primary amines toward the aldol reaction could be improved by replacing the nonpolar solvent (hexane) with water.
Since water is either a reactant or a byproduct in various steps of the aldol reaction, it is difficult to predict whether its inclusion in the mixture would improve or inhibit the reaction.
However, the beneficial contribution of water to the prolinecatalyzed aldol condensation has been observed in homogeneous media.
10−12 A recent study by Blackmond and collaborators showed that the addition of water to the homogeneous proline-catalyzed aldol reaction regenerates the active amine group at the expense of the inactive iminium form, leading to higher rates. They concluded that the reaction rate is highly dependent on the relative stabilities of the inactive imine of the acceptor aldehyde and the active enamine of the donor ketone and that water shifts the equilibrium toward the active enamine intermediate. 13 These reports suggested that using water as a solvent could improve the performance of our MSNbased catalysts.
■ EXPERIMENTAL SECTION Materials. Cetyltrimethylammonium bromide (CTAB) (CH 3 (CH 2 ) 15 N(CH 3 ) 3 Br), mesitylene, p-nitrobenzaldehyde (PNB), hexamethyldisilazane (HMDS), and dimethyl sulfone were purchased from Sigma-Aldrich. Tetraethoxysilane (TEOS), 3-aminopropyl trimethoxysilane and [3-(methylamino) propyl] trimethoxysilane were purchased from Gelest. All reagents were used as received without further purification.
Synthesis of Functionalized Mesoporous Silica Nanoparticles. The synthesis and characterization of the materials has been described in a previous article. 9 In brief, CTAB, (1.0 g, 2.7 mmol) was dissolved in water (480 g, 26.7 mol), followed by the addition of NaOH solution (2.0 M, 3.5 mL, 7.0 mmol) and mesitylene (1.73 g, 14.4 mmol). The mixture was heated at 80°C for 1 h. To this clear solution, TEOS (4.7 g, 23 mmol) was added dropwise, followed by immediate addition of 3-aminopropyl trimethoxysilane (for AP-MSN) (1.0 mL, 5.7 mmol) or [3-(methylamino) propyl]trimethoxysilane (for MAP-MSN) (1.0 mL, 5.0 mmol). The solution was stirred vigorously at 80°C for 2 h and then filtered to yield a white functionalized MSN solid. The as-synthesized material was washed with copious amounts of water and methanol, then dried under vacuum. The CTAB surfactant was removed by Soxhlet extraction with methanol for 24 h, and the resulting surfactant-removed functionalized MSN was dried overnight under vacuum.
Blocking of Silanol Groups of AP-MSN. AP-MSN (1.0 g) was suspended in 100 mL of hexane. Hexamethyldisilazane (HMDS) (10 mmol) was then added to the suspension. 14, 15 The suspension was heated to reflux for 24 h; the solid was then recovered by filtration, washed with hexane, and dried overnight under vacuum.
Characterization of Catalysts. Surface properties of the functionalized MSNs were measured by nitrogen sorption analysis in a Micromeritics Tristar 3000 using the Brunauer− Emmett−Teller method for surface area and the Barrett− Joyner−Halenda method for pore size distribution. Small-angle X-ray diffractometry was performed on a Rigaku Ultima IV diffractometer using a Cu target at 40 kV and 44 mA. Loading of the catalysts was determined by elemental analysis in a Perkin-Elmer 2100 Series II CHN/S analyzer using acetanilide as a standard and combustion and reduction at 925 and 640°C. To measure the pH of the suspensions, the materials were dispersed in water/acetone mixtures at the same concentration as the ones used in the reaction. The pH of the suspension was measured with a pH meter at room temperature until a stable reading was obtained. The characterization information for each material is provided in ref 9, where AP-MSN is denoted AP-MSN-3.6 and MAP-MSN is denoted MAP-MSN-3.5.
General Procedure for Aldol Reaction. Catalytic processes were performed in screw-cap vials. p-Nitrobenzaldehyde (PNB, 0.39 mmol) was dissolved in acetone (1.5 mL). A suspension containing 3 mol % of catalyst (0.012 mmol) in the selected solvent (1.5 mL) was then added to the PNB solution. The reaction kinetics were studied by stirring the mixture at 60°C
and quenching the reaction at desired times by setting the vials on ice. The catalysts were then separated by centrifugation, and the supernatants were concentrated under reduced pressure. Reaction yields were measured by 1 H NMR using dimethyl sulfone as the internal standard. Resonances of the substrate and products were observed as follows: PNB (5), Solid-State NMR. Solid-state 13 C and 29 Si NMR experiments were performed to determine the structure and loading of the surface groups on the MSNs.
The identification of the catalytic groups and intermediates was accomplished by measuring the 13 C cross-polarization spectra under magic angle spinning (CPMAS). These experiments were performed at 14.1 T on a Varian System 600 spectrometer equipped with a 1.6-mm FastMAS probe operated at 599.6 MHz ( 1 H) and 150.8 MHz ( 13 C). To accurately determine the loading of both functional groups and silanols on the MSN surface, the 29 Si NMR measurements were performed using direct polarization under MAS (DPMAS) with Carr−Purcell−Meiboom−Gill (CPMG) refocusing. 16, 17 The spectra were acquired on a Chemagnetics Infinity 400 spectrometer equipped with a 5-mm MAS probe operated at 400.0 MHz ( 1 H) and 79.4 MHz ( 29 Si). The experimental parameters are given using the following notation: ν R denotes the MAS rate, ν RF (X) is the magnitude of the RF magnetic field at the frequency of X nuclei, τ CP is the mixing time during CP, N CPMG is the number of echoes acquired in CPMG experiment, τ CPMG is the corresponding time interval between π pulses, τ RD is the recycle delay, NS is the number of scans, and AT is the total acquisition time. 13 
■ RESULTS AND DISCUSSION
To evaluate the effects of replacing hexane with water on the activity of supported amines toward the aldol reaction, two MSN materials, AP-MSN and MAP-MSN, were tested for the cross aldol reaction between 5 and excess acetone (Scheme 2).
The catalytic activity was determined by measuring the amounts of the substrate, 5, and products (aldol 6 and enone 7) using NMR. In a previous report, we measured the apparent pseudo-first-order rate constant of AP-MSN in hexane, which was k AP-MSN hex = 0.37 h −1 (Figure 1a ). 9 This low activity of APMSNs was overcome by using a secondary amine-functionalized material (MAP-MSN), which was unable to form the imine intermediate and gave a 3-fold increase in the apparent rate constant in hexane (k MAP-MSN hex = 1.35 h
, Figure 1a ). 9 Replacing hexane with water had a dramatic effect on the activity of AP-MSN: the apparent rate constant increased more than 10-fold (k AP-MSN w = 4.98 h −1 , Figures 1b and Supporting Information S1a), yielding an almost quantitative conversion after only 1 h of reaction. However, the effect of replacing hexane with water on the activity of MAP-MSN was completely unexpected: instead of becoming more active, like AP-MSN, the apparent rate constant of the reaction dropped more than 10-fold to k MAP-MSN w = 0.127 h −1 (Figures 1b and Supporting Information S1a). These results correspond to a change in the relative activities of the two catalysts by 2 orders of magnitude (in hexane: k AP-MSN /k MAP-MSN = 0.27, in water:
This remarkable inversion of the relative activities could result from the solvents directing each catalytic reaction through different pathways. However, the inversion of activities could also result from water stabilizing to a different extent the intermediates associated with each catalyst, without necessarily altering the reaction mechanism. Thus, the solvent could have multiple effects on the reactions, with each effect having variable magnitudes, depending on the structural constraints of each catalyst, and still preserve the same mechanistic pathway. Although solvent polarity may be the most obvious parameter, the protic nature of water could also play a role in the mechanism of the reaction. In addition, according to Scheme 1, water participates directly as a reagent and product in different steps of the reaction. Therefore, it is possible that water affects the reaction by modifying its equilibrium. To better understand the reason for this inversion in the relative activities of the catalysts in water and hexane, we evaluated each of these factors separately by testing the rate of the reaction in additional solvents.
Effects of Solvent Polarity. The effect of polarity on the activity of both materials was studied by comparing the kinetics of the reactions in hexane and water with those in low-polarity dichloromethane and polar aprotic acetonitrile. Figure 2 shows that increasing the polarity leads to a small decrease in activity for AP-MSN (with the exception of the rate in water) and a more significant decrease in MAP-MSN. This trend is consistent with the previous findings by Davis and co-workers on the negative effect of polarity on the activity of bifunctionalized materials toward the cross aldol reaction. They suggested that sulfonates and amines could undergo acid−base neutralization in polar solvents and lose their activities. 7 In the case of AP-MSN in nonpolar solvents, aminopropyl groups and acidic silanols have mild noncovalent interactions with each other. 18, 19 However, as polarity increases, proton transfer between the acidic silanols and the basic amine can take place, reducing the availability of the deprotonated amine required to perform enamine catalysis.
As mentioned above, the drop in the activity of MAP-MSN with polarity was larger than that of AP-MSN: as the polarities of nonaqueous solvents increase, the differences between the activities of the two catalysts lessen. We previously reported that the higher activity of MAP-MSN in hexane was caused by the formation of substrate-inhibiting imine 1 in AP-MSN, whereas the methyl group in MAP-MSN prevented the formation of imine. 9 Our new observation on the effect of polarity suggests that this deficit of AP-MSN is compensated as polarity increases. Although MAP-MSN cannot form the inhibitory imine in hexane, it could form the cationic iminium intermediate 8 in a polar solvent, leading to reduced activity (Scheme 3). Being ionic, this intermediate would be further stabilized by increased solvent polarity, explaining the decrease in the difference between the two catalysts' activities with increasing polarity.
Although we have been able to observe the formation of 1 in hexane by infrared and solid-state NMR, 9 the detection of 8 by infrared was not straightforward because the CN + stretching band is shifted to higher frequencies compared with those of CN 21 so that it is likely to overlap with the CO stretching frequency of the unbound starting material 5. Similarly, solidstate NMR spectroscopy did not show any clear evidence of the expected iminium 8. However, iminium intermediates are not unusual in aldol and related reactions when secondary amines are used as catalysts. 22−26 In fact, iminium intermediates are central in reactions that undergo Mannich-type pathways with secondary amines. 19,27−30 Since the reaction catalyzed by AP-MSN in water is off the trend followed by the other solvents, the enhanced activity of the catalyst in this solvent cannot be due to polarity. Another effect must be responsible for increasing the activity of the catalyst, despite the negative effect that the polarity of water should have on the reaction.
Effects of Solvent Acidity. A second possible effect of water that might influence the reaction is its protic character. Being a weak acid, water could assist the reaction by protonating or hydrogen-binding the oxygen on carbonyls, thereby activating the molecules for nucleophilic attack. To evaluate this possibility, we tested the activity of the catalysts in methanol, whose pK a (15.5) is very close to that of water (15.7). 20 Figure 3 shows that the two catalysts gave similar reaction kinetics in methanol. In addition, the reactions in methanol were slower than the corresponding reactions in water and in aprotic acetonitrile. Therefore, rather than improving catalysis, the acidity of the solvent is detrimental to the activity of the silica-supported amines. Furthermore, since the rate of the reaction catalyzed by MAP-MSN is greater in water than in methanol, it is likely that water has an additional effect on the catalysis by MAP-MSN, similar to the reactions catalyzed by AP-MSN.
Effects of the Solvent on Equilibrium. The anomalous effect of water on the catalysis by these materials could also arise from the different equilibria involved in the reaction. According to Scheme 1, the addition of water to the reaction catalyzed by AP-MSN should lower the concentration of the product of inhibition, 1. The same consideration, however, would also predict an inhibition of the formation of the active imine and the subsequent enamine intermediates 2 and 3.
The observed increase in the activity of AP-MSN in water may then be the result of two factors: (1) the relative values of the equilibrium constants leading to imine 2 versus imine 1 and (2) the fact that water is also a reagent in the last step of the process, where it combines with intermediate 4 to give the final product. Thus, in the overall conversion (Scheme 4), water is a product only in the inhibition route (red) but is not part of the net reactants or products of the aldol route (black). Therefore, the excess of water shifts the overall equilibrium toward the formation of the aldol product and minimizes the inhibition pathway. The excess of acetone also contributes to shift the equilibrium toward the aldol product, making the impact of water on the dissociation of 1 even larger.
These same considerations can apply to the reaction catalyzed by MAP-MSN. If MAP-MSN is less active in polar solvents due to the formation of 8, this inhibition could be disrupted by the addition of water, which would hydrolyze this intermediate (8) . Thus, the catalytic activity of both materials in water should be a balance between the inhibitory effects of polarity and the promoting effect of the solvent on equilibria. Product Distribution and Mechanistic Considerations. The above interpretation of the effect of water on equilibrium assumes that the main product of the reaction is 6, which would be obtained directly if the reaction proceeded through an enamine pathway (Schemes 1 and 3) . However, if the most abundant product were 7, water would be formed as a byproduct of the reaction and would therefore play no role at all in shifting the equilibrium. Product 7 can be formed by dehydration of 6, following enamine catalysis, or it can be produced via a Mannich type mechanism following the production of intermediate 1 (or 8 for MAP-MSN) . Intermediate 1 is an inhibitor in hexane, demonstrating that the Mannich mechanism does not take place in this solvent; however, this does not indicate that this mechanism cannot take place in water.
Analysis of our product distribution revealed that aldol 6 was the major product for the reactions catalyzed by each material in all of the solvents tested (Supporting Information Figures S2  and S3) . The selectivities for 6 ranged from 75 to 90% with AP-MSN and from 70% to 85% with MAP-MSN, with the only exception being the reaction with MAP-MSN in water, where no enone 7 was observed at all. Not only was enone 7 the minor product, but it also appeared, in most cases, after longer reaction times than the aldol product 6. The observation of constant ratios for aldol and enal in the homogeneously catalyzed self-condensation of aldehydes has been associated with the competition between enamine and Mannich type mechanisms throughout the reaction. 33 In contrast to these observations, in most of our experiments, an increase in the amount of enone 7 seemed to correspond to a decrease in the rate of formation of aldol 6. When the AP-MSN-catalyzed reaction was carried out in water, the concentration of enone 7 increased at the later stages of the reaction and was concurrent with a measurable decrease in the concentration of aldol 6 ( Figure 5 ). These observations suggest that the products are formed sequentially, rather than via competing pathways, that is, it shows that the reaction does not involve a Mannich type mechanism, but more likely, the enone is formed via dehydration of the aldol. Although the formation of enamines in water may be deemed as counterintuitive, these intermediates have been observed in homogeneous aqueous media. 34−37 The other mechanism that could account for the formation of the aldol product in water involves general-base catalysis, which tends to occur at high pH values (>10). Other research groups have shown that buffering the aqueous media at pH 8 directs the reaction through an enamine rather than a general base pathway because too little of the acetone enolate could form because of its high pK a (10.83). 37−39 Since the surface of the mesoporous silica support is rich in weakly acidic silanol groups (pK a 2−4 for isolated and 8 for geminal silanols), it is possible for it to play the role of a buffer in the reaction system. 40 9 The presence of these silanol groups prevented the aqueous suspensions of AP-MSN and MAP-MSN from reaching high pH values, stabilizing them at 8.1 and 8.3, respectively, as opposed to the pH > 11 observed for the free amines at the same concentrations in water. The lower activity of MAP-MSN than AP-MSN, despite their similar basicities, also supports the notion that general base catalysis does not take place in our aqueous system.
Role of the Silanol Groups in Water. The difference between the activities of both catalysts in water is consistent with previous reports of homogeneous primary amines being more efficient catalysts than secondary amines for this reaction. 38 This difference could be attributed to steric hindrance by the methyl in MAP-MSN during the C−C bond formation step. Such hindrance would lead to a higher barrier than that of the less impeded AP-MSN. Although silanol groups are known to actively participate in the aldol reaction in organic solvents, 9,19,42−46 it is uncertain whether they do play a role when the reaction is performed in water. To evaluate if silanols assist the reaction in water, they were blocked with HMDS. Silanol blocking was confirmed by 29 Si NMR, where the decrease in signal of T 2 , Q 2 , and Q 3 sites was concurrent with the appearance of M sites ( Figure 6 ).
Integration of the signals indicated that in the resulting HMDS-AP-MSN, ∼30% of the original silanol groups were blocked. This material was 10 times less active than the original AP-MSN (k HMDS-AP-MSNw = 0.43, Supporting Information Figure  S4 ). This result suggests that the silanol groups play an important role in the reaction. They likely assist the reaction by hydrogen-binding the PNB substrate 5 and acetone, which not only brings the reactants into close proximity with the catalytic sites but also activates them for nucleophilic attack.
■ CONCLUSIONS
Switching the reaction media between hexane and water led to a reversal in the activities of two closely related catalytic species: although AP-MSN has a lower activity in hexane but a higher activity in water, MAP-MSN has a higher activity in hexane but a lower activity in water. Remarkably, these large differences in behavior are not associated with the change in reaction mechanism, but with the stability of inhibition products and with water inducing shifts in the reaction equilibria.
Far from being beneficial, increasing the polarity of the solvent tended to reduce the catalytic activity of both materials, presumably by enabling proton transfer from silanols to amines, thus blocking their nucleophilicity. Similarly, performing the reaction in a protic solvent, other than water, decreased the activity of both catalysts, likely due to the protonation or strong hydrogen binding of the nucleophilic amines.
When the reaction is performed in water, the equilibrium between formation and hydrolysis of inhibited states takes place for both catalysts. Therefore, the behavior observed in water suggests that AP-MSN is intrinsically a more active catalyst for the aldol reaction than MAP-MSN.
Silanol groups indirectly participate in the reaction in water by acting as a buffer to allow the enamine pathway rather than general base catalysis and directly by binding the carbonyl groups of the reactants. This binding of the reactants brings them close to the active sites and activates the carbonyls for nucleophilic attack.
The unusual behavior observed in this work confirms and stresses the notion that the proper choice of catalyst depends not only on its intrinsic activity but also on the environment in its specific application.
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Si DPMAS spectra of AP-MSN before (bottom) and after (top) blocking silanol groups with HMDS. Appearance of M site due to the attached silane matches the conversion of the Q 2 and Q 3 sites of the blocked groups to Q 3 and Q 4 , respectively. The sites are denoted following as follows: Q 4 : (SiO) 4 Si, Q 3 : (SiO) 3 SiOH, Q 2 : ( SiO) 2 Si(OH) 2 , T 3 : (SiO) 3 SiR, and T 2 : (SiO) 2 Si(OH)R
